Fluorescence provides a powerful means to obtain optical molecular contrast for many applications in biomedicine. Typically, fluorescent molecules, or fluorophores, are used to tag biological molecules of interest and fluorescence imaging is used to obtain a map of their distribution. In a conventional wide-field microscope this is a 2D map, but confocal or multiphoton microscopes can provide 3D information. By labeling different types of biomolecules with fluorophores that emit at different wavelengths, one can begin to probe molecular interactions as well as distributions, but this colocalization is limited by the resolution of optical microscopes (typically 300nm in the far field). It is possible, however, to learn considerably more about the local fluorophore environment by analyzing the fluorescence signal with respect to more dimensions.
In order to extract information about molecular phenomena beyond the spatial resolution limit, we are developing instrumentation to measure fluorescence with respect to multiple dimensions including the three spatial dimensions, plus excitation and emission wavelengths, fluorescence lifetime, and polarization. Here we focus particularly on lifetime, which can provide quantitative information concerning mixtures of fluorophores and their environment.
Because our overarching goal is to better understand disease to facilitate more effective diagnosis and therapy, we are particularly interested in using the autofluorescence of biological tissues to provide non-invasive, label-free molecular imaging. This is useful for diagnostic applications and as a means to monitor disease and the response to treatment. We have found that fluorescence lifetime imaging (FLIM), in which one measures the fluorescence decay time for each pixel in an image, provides a powerful tool to study diseased tissue. 1 FLIM images of unstained fresh human cervical tissue obtained from a biopsy show a clear label-free lifetime contrast between normal and precancerous tissue (see Figure 1 ). This contrast was confirmed by hematoxylin-and eosin-stained histological sections. The images where obtained ex vivo with a multiphoton laser scanning microscope using time-correlated single-photon counting (TC-SPC) to record the fluorescence decay profiles.
This method (TCSPC) is a useful and accurate technique that we are currently applying to microconfocal endoscopy to provide in vivo FLIM with subcellular resolution. For in vivo diagnostic screening applications, however, laser scanning microscopy and TCSPC are too slow to provide the necessary real-time read out. To address this, we are also working on a portable wide-field FLIM scanner based on time-gated imaging, which we have demonstrated acquiring FLIM images of fresh unstained tissue at up to 10 frames per second (fps). High-speed time-gated FLIM can also be useful in molecular biology and drug discovery research wherein the sensitivity of fluorescence lifetime to the local fluorophore environment can be exploited using Förster resonance energy transfer (FRET) experiments. FRET is the phenomena whereby an excited fluorophore can rapidly lose energy to a nearby molecule that is capable of absorbing its fluorescence radiation. Efficient energy transfer, which occurs via a direct dipole-dipole interaction, is only possible if the acceptor molecule is within approximately 10nm of the donor fluorophore. Thus, detecting FRET enables 'super-colocalization' if different proteins are tagged with donor and acceptor fluorophores. Because the efficient energy transfer leads to a decrease in the fluorescence lifetime of the donor, FLIM provides an effective means to detect and image FRET and is therefore a powerful tool to study the binding of proteins, which can be important for cell signaling.
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Because drug discovery typically involves testing large numbers of drug candidates, high-throughput screening is highly desirable. Our high-speed time-gated FLIM technology permits us to acquire FLIM-FRET data at up to 10fps, 2 allowing the study of biological signaling processes in real time. We have recently implemented FLIM FRET in an automated spinning disk confocal microscope to rapidly perform 3D FRET experiments with live cells arrayed in multiwell plates typically used by the pharmaceutical industry for high-throughput screening and high content analysis (see Figure 2) . By combining spectrally resolved imaging and FLIM, we simultaneously image different protein interactions in the same cell using two distinct donor-acceptor fluorophore combinations. This multiplexed FRET imaging is an important new tool to study the spatio-temporal properties of cell signaling.
Simultaneously analyzing fluorescence with respect to its spectral and temporal properties is a powerful approach for unmixing signals from multiple fluorophores, for studying the photophysics of complex systems, and for contrasting different biological components contributing to complex signals such as tissue autofluorescence. To this end we have built a line-scanning confocal fluorescence microscope that utilizes a tunable supercontinuum-based excitation source and a spectrometer in conjunction with our wide-field time-gated FLIM technology. 3 By exciting a line of fluorescence and stagescanning the sample, we can acquire the full excitation-emissionlifetime properties for each pixel in the field of view (see figure  3 ). This line-scanning microscope also provides a confocal optical sectioning capability and thus can resolve the fluorescence signal with respect to six dimensions.
The unprecedented information available from multidimensional fluorescence imaging provides new opportunities but also new challenges for molecular imaging, particularly for data analysis. We are currently working with the Institute of Cancer Research to use FLIM-FRET to monitor signaling in cells in order to learn more about cancer and how drugs may interfere with its progression.

